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Design  of  a  Sine  Wave  lienerator. 

Object 
The  investigation  described  in  this  re- 
port was  undertaken  with  the  hope  of  desisji- 
ing  an  alternating  current  generator  which 
would  give  a  pure  sine  wave  of  e.ra.f.  A 
generator  giving  a  perfect  sine  wave  shape 
is  highly  desirable  because  practically 
all  specifications  involving  alternatins; 
current  tests  are  based  upon  a  sine  wave 
form.  This  is  especially  true  of  the  iron 
loss  tests  on  transformers.  All  alternating 
current  equations  and  theory  are  based  upon 
the  assumption  that  the  e.m.f .  and  current 
vary  with  time  according  to  the  formula 

i  =  Ijn  sin(u3t  +  9) 
Hence  in  experiments  with  alternatinjr  cur- 
rents involving  the  use  of  alternating:  cur- 
rent equations  and  theory  the  source  of 
e.m.f.  must  have  a  perfect  sine  wave  form. 
In  making  dielectric  tests  of  Insulators 


Design  of  a  Sine  Wave  Generator 

using  alternating  current,  the  value  of  the 
maximum  e.m.f.  is  desired.  If  a  sine  wave  of 
e.m.f.  is  used  this  maximum  value  can  easily 
be  calculated  but  if  a  non-sine  wave  is  used 
it  is  necessary  to  obtain  the  shape  of  the 
wave,  which  is  quite  a  laborious  process. 

The  design,  which  is  described  in  the  lat- 
ter part  of  this  report,  was  made  for  an  old 
ten-pole  alternating-current  generator  which 
has  been  in  the  laboratory  of  the  Armour 
Institute  for  a  number  of  years.  This  gen- 
erator was  a  single-phase,  433-cycle,  25  K\'i, 
machine,  and  had  a  concentrated  winding.  The 
field  contained  a  series  winding  which  was 
brought  out  from  the  armature  thru  a  com- 
mutating  rectifier.  In  the  new  design  this 
series  winding  was  removed  and  additional 
turns  were  added  to  the  direct-current  field 
winding.  The  new  design  was  made  for  a  fre- 
quency of  60-cycles  and  hence  the  speed  had 
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to  be  reduced  from  1596  r.p.m.  to  720 
r.p.m. 
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Part  I  -  Theory  of  Wave  Form. 

The  Fundamental  Equation. 
The  electro-motive  force  Induced  in  a 
coll  is  dependent  upon  the  rate  of  change  of 
flux  threading  the  coil.  Let  0^   be  the  flux 

3, 

per  pole  and  p   the  number  of  poles.  Then 
one  armature  conductor  will  cut  0  v      lines 
of  force  per  revolution,  or 

^a^  ^  ^  •  P  • '" •   lines  per  second 

The  average  e.m.f.  in  one  conductor  in  volts 
will  then  be 

^aP  X  ^^i^   X  10-8 

The  form  factor  of  an  e.m.f.  wave  is  the 
ratio  of  the  effective  voltage  to  the  average 
voltage.  For  a  sine  wave  of  e.m.f.  this  value 

is 

1 

y-r-  ^max 

^  '^ =  1.11 


TT   max 
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Then  the  effective  e.m.f,  per  conductor  is 

*  ^   — SO —  ^   ^" 

Since  f,  the  frequency,  =  p  x  r.p.m.  ,  the 

120 

volts  Induced  in  each  conductor  will  be 
E  =  2.22  0^r   10"^ 
For  Z  conductors 

E=  2.22  ^^f  10"^   volts. 
This  formula,  however,  does  not  take 
account  of  the  grouping  of  the  conductors, 
the  spread  factor,  f^,  and  the  pitch  of  the 
coils  or  chord  factor,  f  ,   in  order  to  take 
account  of  these  factors  the  equation  may 
be  changed  to  read 

E  =  2.22  Z   0^  r   10-S  X  fp  X  f^. 
This  expression  gives  the  voltages  in- 
duced in  each  belt  of  conductors.  When  two 
belts  are  connected  in  series  the  e.in.f.s 
add  vectorially  at  the  phase  angle  of  the  two 
belts . 
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Grouping;. 
If  two  belts  of  conductors  are  spaced 
60  electrical  degrees  apart  on  the  arma- 
ture of  an  alternating  current  generator 
and  are  connected  together  In  series,  the 
e.m.f.s  developed  In  these  belts  will  add 
vectorlally  at  60  or  at  120  degrees.  The 
positions  of  these  belts  of  conductors  for 
a  two-pole  generator  are  shown  at  A  and  B 
in  Fig.  1.  The  developed  winding  of  the 
colls  showing  the  way  they  would  be  con- 
nected so  as  to  have  the  current  In  the 
same  direction  in  the  adjacent  belts,  is 
shown  in  Fig.  2.  The  belt  e.M.f .s  would 
thus  add  vectorlally  at  60  degrees  as 
shown  in  Fig.  3  and  the  resultant  e.m.f., 
OC,  would  be  equal  to  /5~  times  the  e.m.f. 
of  either  belt. 

For  the  third  harmonics  in  the  e.m.f. ^ 

the  vector  addition  would  be  at  three  times 


Fi^.  / 


/v^.  ^ 


Ha.  3 


J.  £.  finder 
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60  degrees  or  ISO  degrees .  Hence  the  third 
harmonic  e.m.f.s  would  be  directly  opposed 
as  shown  in  Fig.  4.  As  these  e.m.f.s  are 
equal  in  value  they  would  exactly  neutral- 
ize each  other  and  hence  would  not  appear 
in  the  terminal  e.m.f.  In  the  same  way  the 
ninth  harmonicsjwould  add  at  9  times  60  de- 
grees or  540  degrees.  This  is  equivalent 
to  adding  at  180  degrees  and  so  the  ninth 
harmonics  would  be  cancelled  out.  In  gen- 
eral, all  multiples  of  the  third  harmonic 
will  be  cancelled  out  by  connecting  the 
coils  in  this  way. 
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Pitch  Factor. 
If  the  pitch  or  throw  of  a  coil  is  less 
than  a  pole  pitch,  or  180  electrical  degrees, 
the  e.m.f.s  developed  in  these  conductors 
will  not  be  in  phase  but  will  add  vectorlally 
at  an  angle  depending  upon  the  number  of  de- 
grees which  the  throw  of  the  coil  lacks  of 
being  full  pitch  or  ISO  degrees.  If  a  coil 
has  a  throw  of  4/5  full  pitch  or  144  degrees 
the  fundamental  e.m.f.s  in  the  two  sides  of 
the  coil  will  be  out  of  phase  180-144  or  36 
degrees .  The  position  of  the  two  kIcTps  of 
such  a  coil  on  the  armature  of  an  alternator 
is  shown  in  Fig.  5a  and  the  developed  wind- 
ing is  shown  in  Fig.  5b.  The  fundamental 
e.n.f.s  will  add  vectorially  at  3fi  degrees 
as  shown  in  Fig.  6.  Vectors  OM  and  ON  are 
the  e.m.f.s  in  the  two  sides  of  the  colls 
and  OP  is  their  resultant.  OP  is  equal  to 
2  cos  18 'times  either  0.1  or  ON.  The  fifth 


Fi^.  S  (a) 


^^^m^^^^^^^^^^^^^^^ki 


n^.  s[^) 


J.£..'JniJrrs<u>  Thr9iS-l9t\ 
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harmonics  in  the  e.m.f.s  in  the  coil  will 
add  together  at  5  times  36*degrees  or  ISO*. 
Thus  the  fifth  harmonic  e.m.f.s  in  one  side 
of  the  coil  would  be  in  opposite  phase  to 
those  in  the  other  side  of  the  coil  and  as 
they  are  equal  in  ma^^itude  they  would  can- 
cel out  and  there  could  be  no  fifth  harmonic 
in  the  e.m.f.  across  the  coil  terminals.  If 
the  coils  were  connected  in  series  there 
could  be  no  fifth  harmonics  or  any  multiples 
of  the  fifth  across  the  machine  terminals. 
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Spread  Factor. 
In  a  distributed  winding,  that  is,  where 
the  conductors  are  placed  side  by  side  and 
connected  in  series  to  make  up  a  belt,  the 
e.m.f.s  induced  in  each  conductor  are  not  in 
phase  but  vary  accordins  to  the  spacing  be- 
tween the  centers  of  the  conductors.  In  Fig. 
1  the  eight  conductors  in  belt  A  cover  50* 
and  hence  the  spacing  between  the  centers  of 
the  conductors  is  7  l/2  degrees.  The  e.m.f. 
in  each  conductor  will,  therefore,  be  7  l/2 
degrees  out  of  phase  with  the  e.m.f.  in  the 
adjacent  conductor  and  the  e.m.f.  across  the 
terminals  of  the  belt  will  be  the  vector  sum 
of  the  e.m.f.s  in  the  individual  conductors. 
Ifl  the  belt  covered  2/7  of  the  pole  pitch, 
it  would  take  up  51  3/7  degrees.  The  phase 
difference  between  the  conductors  in  such  a 
belt  would  be  equal  to  51  3/7 'divided  bv  the 

were 

number  of  conductors.  If  there^nine  conduct- 
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ors  these  e.in.f.s  would  add  at  5  5/7  degrees, 
as  shown  in  Fig.  7   a.  The  resultant  for  the 
fundamental  will  be  equal  to  OS.  For  the  7th 
harmonic,  the  angle  between  each  vector  will 
be  7  times  5  5/7  or  40  degrees,  and  the  re- 
sultant of  the  vectors  for  the  9  conductors 
will  be  zero  as  shown  in  Fig.  7b.  Hence  there 
can  be  no  seventh  harmonic  or  any  multiple  of 
the  seventh  harmonic  in  the  terminal  e.m.f. 
of  a  belt  of  conductors  which  covers  51  3/7 
electrical  degrees. 

In  general,  the  value  of  any  harmonic 
which  would  be  present  in  the  flux  distri- 
bution, would  be  equal  to  the  number  of  con- 
ductors in  180°  of  the  winding  times  the 
e.m.f.  of  this  harmonic  in  one  conductor, 
times  the  spread  factor  and  pitch  factor  for 
this  harmonic,  times  the  group  factor.  Thus 
in  the  above  case  of  9  conductors  in  a  belt 
of  2/7  the  pole  pitch  and  with  4/5  pitch. 


16 
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the  equation  for  the  11th  harmonic,  which 
would  be  the  lowest  numbered  harmonic  above 
the  first  that  could  appear,  would  be 
18  e^^  X    (spread  factor)    x  (pitch 
factor).  J  X  (group  factor)^., 
where  e^ |  is  the  e.m.f.  for  the  11th  har- 
monic in  one  conductor  and  the  subscripts 
refer  to  the  order  of  the  harmonic.  As  a 
belt  takes  up  51  3/7  degrees  for  the  funda- 
mental it  would  take  up  11  x  51  3/7  degrees 
or  565  5/7  degrees  for  the  harmonic.  Since 
there  are  9  conductors  the  vectors  for  these 
conductors  would  add  at  565  5/7  ;^  9  or  62.86 
degrees.  This  vector  addition  is  shown  in 
Fig.  7(c).  o-a,  o-b,  o-c,  etc.  are  the  vec- 
tors for  the  11th  harmonic  in  each  conductor. 
The  resultant  of  the  vector  addition  is  the 
vector  o-m  and  the  spread  factor  is  the  ratio 
of  o-m  to  the  arithmetical  sura  of  the  individ- 
ual vectors  which  is  9  times  o-a.  The  value 
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of  o-in  is  equal  to 

2r  sin  ^tsm 

=  2r  sin  77.14* 

where  r  is  the  radius  of  the  circle. 

The  value  of  the  vector  o-a  is  equal  to 

2r  sin  /asu 

=  2r  sin  31.43! 

Then  the  spread  factor  will  equal 

2r  sin  77.14° 

9  X  2r  sin  31.43* 

2  X  0.97.'^, 


18  X  0.5215 


=   0.2077. 


The  effect  of  the  4/5  pitch  is  to  cause 
the  fundamental  e.m.f.s  to  add  at  33*.  This 
would  cause  the  11th  harmonic  e.m.f.s  to  add 
at  11  X  36  or  396  degrees,  which  is  equiva- 
lent to  adding  at  396-3G0  or  38  degrees. 
Hence  the  pitch  factor  for  the  11th  har- 
monic would  be  the  same  as  for  the  funda- 
mental or  0.951.  The  effect  of  the  grouping 
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of  the  coils  is  to  cause  the  fundamental 
e.m.f.s  to  add  at  60  dec;rees.  The  11th  har- 
monic e.ni.f  .s  would  add  at  11  x  60  or  660 
degrees,  which  is  equivalent  to  addins:  at 
720-660  or  60  degrees.  The  group  factor  for 
the  11th  harmonic  will  therefore  also  be  the 
same  as  for  the  fundamental  or  will  be  1.732. 

Hence  the  value  of  the  11th  harmonic 
e.m.f.  in  360  electrical  degrees  of  the  wind- 
ing will  be 

18  e^j  X  0.2077  X  0.951  x  1.732 
=  6.16  e<-|. 

In  the  same  way  the  equation  for  the  13th 
harmonic  is 

18  e-^  X  (spread  factor )^^  x  (  pitch- 
factor)-j^g  X  (group  factor)   . 

A  belt  will  take  up  13  x  51  3/7  or  668  4/r 
degrees  for  the  13th  harmonic  and  the  angle 
at  which  the  e.m.f.s  of  this  harmonic  in 
each  conductor  will  add  is  668  4/7  ^  9  or 
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74.28°.  The  spread  factor  for  this  harmonic 
is  equal  to 

2r  sin  25.72'      0.1339       _  ^  ^_^ 
5  X  2r  sin  37.14°  =  0  *  0.503^   "  0.0799 

The  effect  of  the  4/5  pitch  on  the  13th 
harmonic  will  be  to  cause  the  e.'.i.f .s  of 
this  harmonic  In  the  two  belts  1-^4  degrees 
apart  to  add  at  13  x  36*  or  468*.  This  is 
equivalent  to  adding  at  468-360  or  108°. 
Hence  the  pitch  factor  for  the  13th  harmonic 
will  be  equal  to  the  cosine  of  l/2  of  108° 
or  54°,  which  is  0.5878.  In  the  two  groups 
which  are  60*  apart  the  13th  harmonics  will 
add  at  13  x  60°or  780*.  This  is  equivalent 
to  adding  at  780-720  or  60  degrees.  Hence 
the  group  factor  for  the  13th  harmonic  will 
he  the  same  as  for  the  fundamental,  namely 
1.732. 

Therefore  the  value  of  the  13th  harmonic 

e.m.f.  in  360  electrical  degrees  of  the 
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winding;  will  be 


18  e^   X  0.0799  x  0.5878  x  1.732 


=   1.464  e-j^g. 


The  equation  for  the  17th  harmonic  Is 
18  ejrjr  X  (spread  factor)--  x  (pitch 
factor)    X  (group  factor)^^. 
A  belt  will  take  up  17  x  51  3/7  or  874  2/7 
degrees  for  the  17th  harnonlc  and  the 
angle  at  which  the  e.m.f.s  of  this  harmonic 
In  each  conductor  will  add  is  874  2/7  ^  9 
or  97.14*.  The  spread  factor  for  this  har- 
monic Is  then  equal  to 

2r  sin  77.14°      ^  q-.q 

^  X  2r  sin  48.57-  =  ^^1^ =  0.1445 

9  X  0.7497 

The  4/5  pitch  will  cause  the  17th  har- 
monics to  add  at  17  x  33  or  612  degrees 
which  Is  equivalent  to  adding  at  612-330  or 
252  degrees.  The  pitch  factor  for  this  har- 
monic Is  then  equal  to  the  cosine  l/2(360- 
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252)  or  cosine  54',  which  is  0.5878.  In  the 
two  groups  60'  apart  the  17th  harmonics  will 
add  at  17  x  60  or  1020^  which  is  equivalent 
to(n  X  360) -1020  or  60  degrees.  The  group 
factor  for  the  17th  will  therefore  also  be 
equal  to  1.732. 

The  value  of  the  17th  harmonic  e.m.f.  in 
860  degrees  of  the  winding  will  be 

18  e^^  X  0.1445  X  0.5878  x  1.732 

=  2.648  e-^-j,. 
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Design  of  Winding. 
If  a  winding  is  so  designed  that  the  coils 
have  a  throw  of  4/5  of  the  pole  pitch  this 
will  eliminate  the  5th  harmonic  and  all  mul- 
tiples of  the  5th.  In  this  same  winding  the 
belts  of  conductors  can  be  made  to  cover 
51  3/7  degrees  and  the  coils,  which  are  60* 
apart  in  phase,  can  be  connected  in  series 
so  that  their  e.m.f .s  will  add  at  60^  thus 
eliminating  the  7th  and  the  3rd  harmonics 
and  all  multiples  of  the  7th  and  3rd.  A  sin- 
gle layer  winding  of  this  type  is  shown  in 
Fig.  8.  The  belts  of  conductors  A,  C,  C,  and 
D  cover  51  3/7  degrees.  Belts  A  and  C  are  the 
two  sides  of  the  coil  which  has  a  pitch  of 
144°.  The  coils  1-C  and  B-D  are  connected  in 
series  so  that  their  e.m.f.s  add  at  SO'.  The 
front  end  of  conductor  1  in  belt  A  is  con- 
nected to  the  front  end  of  conductor  1  in 
belt  C,  the  rear  end  of  conductor  1  in  belt 
C  is  connected  to  the  rear  end  of  conductor 
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2  in  belt  A,  the  front  end  of  conductor  2 
in  belt  A  is  connected  to  the  front  end  of 
conductor  3  in  belt  C,  etc. 

Since  all  of  these  conductors  are  con- 
nected in  series,  it  is  iininaterial  in  what 
order  the  conductors  are  connected  into  the 
circuit.  Hence  a  coil  can  be  made  up  of  belts 
A  and  D  with  M  as  its  center  and  another  coil 
can  be  made  up  of  belts  B  and  C  with  P  as  a 
center.  In  order  to  avoid  having  the  end  con- 
nections cross  over  each  other,  conductor  1 
in  belt  B  can  be  connected  on  the  front  end 
to  conductor  7  in  belt  C,  the  rear  end  of 
conductor  7  in  belt  C  can  be  connected  to  the 
rear  end  of  conductor  2  in  belt  B,  the  front 
end  of  conductor  2  in  belt  B  can  be  connected 
to  the  front  end  of  conductor  8  in  belt  C, 
etc.  In  this  way  the  coils  can  be  made  up 
flat  and  will  not  cross  over  each  other. 
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Flux  Distribution. 
When  the  winding  is  concentrated,  the 
wave  shape  of  the  e.in.f.  induced  in  the  con- 
ductors is,  in  general,  identical  with  the 
wave  shape  of  the  flux  at  no  load.  Vihen   load 
is  applied  the  result  of  the  armature  re- 
action is  to  distort  the  flux  curve  and  hence 
the  wave  shape  of  e.m.f.  is  also  distorted. 
In  a  distributed  winding,  the  e.m.f.s  in  each 
conductor  will  have  a  wave  shape  similar  to 
the  flux  distribution.  The  distortion  of  the 
flux  shows  the  presence  of  higher  harmonics. 
When  the  winding  described  above  is  used,  the 
third,  fifth,  and  seventh  harmonics  and  all 
multiples  of  these,  would  be  cancelled  out 
in  the  e.m.f.  wave.  This  would  leave  the  11th, 
13th,  17th,  19th,  2.3rd,  29th,  and  31st  har- 
monics, which  may  be  present  in  the  flux 
curve,  to  appear  in  the  e.m.f.  wave.  Har- 
monics above  the  31st  would  probably  be  of 


'OOf: 
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such  values  as  to  be  negligible,  and  since 
the  half  waves  of  e.m.f.  are  symmetrical 
about  the  zero  axis,  no  even  harmonics 
could  appear.  In  order  to  reduce  the  11th, 
13th,  17th,  etc.  harmonics  to  the  minimum, 
it  is  desirable  to  have  a  flux  curve  that 
is  practically  a  cosine  wave. 
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Armature  Reaction. 
Armature  reaction  is  caused  by  the  magneto- 
motive force  set  up  by  the  current  in  the 
armature  conductors.  As  was  pointed  out  above, 
the  effect  of  armature  reaction  is  to  distort 
the  field  flux.  Referring  to  Fig.  9a,  when 
the  armature  conductors  are  in  the  position 
shown  the  direction  of  the  armature  reaction 
will  be  along  the  line  OM.  Jt  is  the  an2;le 
between  the  center  line  of  armature  reaction 
and  the  center  line  of  the  poles.  The  effect 
of  the  armature  reaction  is  greatest  when 
the  center  line  of  armature  reaction  coin- 
cides with  the  center  line  of  the  poles.  In 
this  case  u)t  =  0.  When  the  armature  con- 
ductors have  turned  thru  an  angle  of  90  de- 
grees from  the  first  position  the  direction 
of  the  armature  reaction  will  be  at  right 
angles  to  the  field  flux  and  the  effect  will 
be  a  minimum.  When  they  have  passed  thru  180* 


Fig.  9 
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from  the  original  position  the  direction  of 
the  armature  reaction  will  a^ain  be  alon°; 
the  center  line  of  the  poles  and  as  the  cur- 
rent in  the  armature  conductors  has  reversed, 
the  direction  of  the  armature  reaction  will 
be  the  same  as  in  the  first  position  and  the 
effect  will  be- a  maximum.  This  variation  is 
shown  in  Fig.  9b.  At  0  degrees  the  effect  of 
armature  reaction  is  to  decrease  the  field 
flux  by  the  amount  ma.  When  the  armature  has 
turned  thru  90'  the  curve  representing;  the 
armature  reaction  coincides  with  the  field 
flux  at  "b" .  At  180'  the  armature  reaction 
is  again  a  maximum  and  n-c  is  equal  to  ra-a. 
Hence,  during  one  cycle  of  the  fundamental 
the  armature  reaction  completes  two  cycles, 
and  when  the  angle  '^t   is  90*  the  armature 
reaction  is  zero.  The  value  of  the  armature^ 
can  therefore  be  expressed  by  the  equation 
a  cos  2  iJt 
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where  "a"  is  a  constant. 

The  value  of  the  actual  flux  is  then 
equal  to 

^   =  ^|j(l  -  a  cos  Z'Jt) 
where  ^.  is  the  flux  due  to  the  field  poles. 

The  e.m.f.  induced  in  the  conductor  A, 
Fig.  9a,  will  then  be  equal  to 

e  =  k)^  cos  (t^t  -oc  ) 
the  angle  '^   being  the  angle  between  the  line 
of  armature  reaction  for  the  phase  belt  and 
the  conductor  A.  Substituting  the  above  value 
for  ^ 

e  =  k)^  (1  -  a  cos  2"5t)- cos(Jt  -  *  )  . 
We  can  then  consider  only  that  part  of  the 
equation  which  is  due  to  pulsating  flux,  i.e. 

e'  =  cos  2<Jt  X  cosCiJt  -x) 
Expanding  the  second  term 

e'  .  cos  2iJt  (cos  iJt  x  cosoc  +  sln^it  \  sino:) 
=  coscc  X  cos  BuJt  cosu^t  +  sina:cos  ^-Jt  sin-Jt) 
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e'    ■  cosoc,  . 

— g— (cos   G'Jt   +   cos^^'t) 


.    since 

J~   (    sln5">t    -   sinJt) 


=   cosoc  since 

— 5 —  cosiJt    -  — 5 —  siniJt 


coscc  since 


Taking  the  3rd.  harmonic  component 

^-  cos   3u3t   +  il2f.  ^.      „,. 
'^  Q      sin   3"'t 


e"    -    cosoc  e^„^ 

-  — n-  cos   3u3t   +  L^^"^ 

g _ g_ 

cos'-ioc    +   sin  oo 


/  ?  •  sin    (3u3t    + 

tan-l[^) 
Lsin  J '' 

gsin    (3uit   +   tan"      cota) 

•^  sin(3u3t    +    tan"^    tan    (90°    -oc) 


5-  sin    (3^t   +  90*    -<a) 


2  cos    (3'Jt    -  oc  ) 


A 
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Hence  a  third  harmonic  will  be  Introduced 
due  to  armature  reaction.  In  the  case  of  two 
conductors  which  are  60  degrees  apart  in 
phase  the  values  of  the  e.ui.f.s  for  the  3rd 
harmonics  due  to  armature  reaction  will  he 

®0  -  ^  oos  (3iJt  -  oc  ) 

and 

®60  =  ^  cos  (3u;t  -  «  ±  60*  >. 

These  e.m.f.s  would  add  at  60  degrees  as 
shown  in  Fig.  10  and  the  resultant  would  be 
y~^     times  the  3rd  harmonic.  It  is  therefore 
evident  that  the  3rd  harmonic  which  Is  caused 
by  armature  reaction,  cannot  be  eliminated 
by  connecting  two  groups,  which  are  60  degrees 
apart,  in  series. 

Since  there  may  be  a  third  harmonic  in  the 
armature  current  this  would  also  appear  In 
the  armature  reaction  and  the  pulsations  of 
the  flux  due  to  this  component  will  be  of 
the  sixth  order.  The  flux,  as  affected  by 
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this  component,  will  then  equal 

^   =  fi^il    -  a  cos  5a)t). 
It  can  be  shown  in  the  same  way  as  was 
shown  above  for  the  third  harmonic,  that 
this  will  cause  the  appearance  of  5th  and 
7th  harmonics  in  the  e.m.f.  wave  form.  In 
two  belts  of  conductors  which  are  144* 
apart  in  phase  the  e.m.f.s  add  at  180-144 
or  36  degrees.  The  5th  harmonics  in  these 
belts  would  add  at  36'  as  shown  in  Fia;.  11. 
Hence  the  5th  harmonics  which  are  the  result 
of  armature  reaction  will  not  be  eliminated 
by  a  4/5  pitch.  In  a  belt  of  conductors 
which  cover  2/7  of  a  pole  pitch  or  51  3/7 
degrees,  the  e.m.f.s  induced  in  the  con- 
ductors will  add  together  at  the  angle  be- 
tween the  conductors.  If  there  are  9  con- 
ductors in  such  a  belt  the  e.m.f.s  will  add 
at  51  3/7  I.  9  or  5  5/7  degrees.  b'i<!;.  12 
shows  a  vector  diagram  of  these  e.m.f.s 
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for  the  7th  hariuonics.  These  harmonics  do 
not  add  up  to  zero  and  therefore  the  7th 
harmonics  which  are  induced  Ijy  armature  re- 
action are  not  eliminated  by  using  a  spread 
of  2/7  of  a  pole  pitch.  Since  the  3rd,'  5th, 
and  7th  harmonics  are  all  present  in  the 
e.m.f.  wave  due  to  armature  reaction  and 
cannot  be  cancelled  out  by  the  methods  dis- 
cussed above,  it  is  therefore  necessary  that 
the  armature  reaction  be  reduced  to  a  min- 
imum in  order  to  make  these  harmonics  ne?;- 
ligible.  The  armature  reaction  can  be  dimin- 
ished by  using  a  long  air  gap  and  by  placing 
short  circuited  windings  in  the  pole  faces. 
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Teeth. 
Since  the  reluctance  of  the  path  of  the 
flux  directly  underneath  a  tooth  on  the  arma- 
ture core  is  much  less  than  the  reluctance 
underneath  a  slot,  the  flux  will  have  a  ten- 
dency to  move  hack  and  forth  as  the  teeth 
pass  heneath  the  pole  shoe.  The  magnetic  path 
in  the  air  gap  has  practically  a  constant  re- 
luctance but  a  variable  position.  Hence  the 
flux  will  be  caused  to  swing  to  and  fro.  In 
Fig.  13a  the  position  of  the  armature  core 
is  such  that  the  slot  "s"  is  in  the  center 
of  the  pole  shoe  and  hence  the  flux  at  the 
center  will  be  a  minimum.  As  the  armature 
moves  to  the  right  the  tooth  "m"  assumes 
the  position  which  was  occupied  by  slot  "s" 
and  the  flux  at  the  center  of  the  pole  shoe 
will  be  a  maximum.  When  the  armature  has 
again  moved  thru  half  of  a  slot  pitch  the 
slot  "r"  will  be  in  the  center  and  the  flux 


Fig.  13 
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-e> 


will  be  a  minimum  again.  Hence  while  the 
armature  moves  thru  one  slot  pitch  the  flux 
changes  from  a  minimum  to  a  maximum  and  back 
to  a  minimum,  or  thru  one  complete  cycle. 
The  frequency  of  these  pulsations  (referred 
to  the  fundamental)  will  be  equal  to  the 
number  of  slot-pitches  per  pair  of  poles  or 
will  be  equal  to  2n,  where  n  is  the  number 
of  slot  pitches  per  pole  pitch.  These  pul- 
sations would  tend  to  set  up  harmonics  in 
the  e.m.f.  wave  of  the  frequency  (2n  ±  3). 
This  is  shown  in  the  developement  of  the 
theory  of  armature  reaction.  In  order  to 
use  a  winding  scheme  of  4/5  pitch  and  2/7 
spread,  35  slots  per  pole  per  phase  would 
be  necessary.  This  would  mean  a  total  of 
105  slots  per  pole.  Even  tho  a  fractional 
pitch  winding  could  be  found  which  would 
permit  using  but  one-fifth  of  this  number 
of  slots  per  pole,  the  width  of  the  slots 
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would  be  too  narrow  to  allow  a  larg;e  enoup;h 
conductor  to  be  used.  If  this  arrangement 
could  be  used  harmonics  would  be  Introduced 
of  the  order  2  x(21±l)  or  41  and  43.  In 
order  to  prevent  the  Introduction  of  these 
harmonics  and  the  limiting  of  the  capacity 
by  the  use  of  narrow  slots,  it  is  desirable 
to  use  a  smooth  core. 


40 


Design  of  a  Sine  Wave  Generator 
Part  II  -  Design  and  Calculations. 

Armature  Coils. 

From  the  above  theoretical  considerations 
a  design  was  made  which  provided  for  the  con- 
necting of  groups  of  coils  60  degrees  apart 
in  phase  with  a  pitch  of  4/5  of  the  pole 
pitch  and  having  a  spread  of  conductors  of 
2/7  of  a  pole  pitch.  The  calculations  and 
details  of  this  design  are  described  below. 

In  order  that  the  capacity  of  the  genera- 
tor might  be  as  large  as  possible,  the  largest 
possible  size  of  armature  conductors  was 
selected.  The  size  of  these  conductors  was 
limited,  however,  because  the  larger  the 
conductor  the  longer  the  air  gap  required 
(since  a  smooth  core  was  used)  and  the 
fewer  the  conductors  that  could  be  placed 
in  the  allowable  space.  The  greatest  max- 
imum ampere-turns  of  flux  which  could  be 
obtained  from  the  fields  on  the  machine 
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which  was  to  be  re-designed  was  3436. 
Several  sizes  of  d.c.c.  wire  were  chosen 
and  calculations  made  and  the  number  of 
ampere-turns  of  flux  necessary  was  deter- 
mined. The  largest  practical  size  of  round 
wire  was  found  to  be  No.  6  Brown  and 
Sharpe  gage  d.c.c.  which  is  174  mils  in 
diameter  outside  the  cotton  covering.  The 
method  of  calculation  and  results  are  shown 
below. 

The  gap  between  the  iron  of  the  armature 
core  and  the  pole  shoe  was  calculated  by 
adding  together  the  thicknesses  of  the  var- 
ious  materials  as  follows: 

.010"  -  2  thicknesses  of  varnished 
cloth  on  iron  core 

.174"  -  diameter  of  No.  6  d.c.c.  wire 

.010"  -  one  thickness  of  micanite  on 
armature  conductors 

.032"  -  diameter  of  No.  20  binding  wire 

.063"  -  assumed  air  gap 

.289"  -  total  air  gap 
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With  No.  6  wire  the  number  of  wires  per 
group  for  this  machine  was  found  to  be  9. 
The  total  spread  of  the  group  will  then  be 
9  times  the  diameter  of  the  wire  or  9  x 
0.174  =   1.566".  In  order  to  cover  2/7  of  a 
pole  pitch  the  group  will  have  to  cover 
51  3/7  electrical  degrees  or,  since  this 
machine  is  a  10-pole  machine,  the  group 
will  cover  10  2/7  mechanical  degrees.  There- 
fore the  diameter  of  the  armature  to  the 
centers  of  the  conductors  was  found  from 
the  equation 

1.566  10    2/7 

— TT —  =  "urns — 

Whence 

D  =   17.45" . 
The  diameter  of  the  armature  core  will 
then  be  equal  to 

17.45  -  (2  X  .97)  =   17.256". 
The  general  e.m.f.  equation  for  a  slne;le 
coil  of  Z  turns  is 
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E  =  2.22ZC(fx  10"^  X  f  X  f 
^  c    w 

where  ^  is  the  flux  per  pole,  f  Is  the  fre- 
quency, f_,  is  the  spread  factor  and  f„  is 
the  pitch  factor.  In  this  machine  the  spread 
of  the  conductors  is  to  be  made  2/7  of  the 
pole  pitch  in  order  to  eliminate  the  7th  har- 
monic due  to  the  flux  distribution,  and  the 
pitch  of  the  coils  is  to  be  4/5  of  a  pole 
pitch  in  order  to  eliminate  the  5th  harmonics. 
Hence  the  spread  factor  in  this  case  will  be 
the  ratio  between  the  vector  sura  of  the 
e.m.f.s  in  each  conductor  and  the  arithmetic 

sum  of  these  e.m.f.s.  In  Fig.  14  the  angle 
6]^  subtends  the  arc  of  the  chord  represent- 
ing the  e.iii.f .  in  each  conductor,  and  6 
subtends  the  arc  of  the  chord  which  is  the 
vector  sum  of  the  e.m.f.s  in  the  9  conductors. 
The  spread  factor  will  therefore  be 

2r  sin  ® 

2" 


9  X  2r  sinJi- 
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Since  e  =  51  3/7  degrees  and  Ij  =  5  5/7 
degrees 


f   =  2r  sin  25  5/7     2r  x  .4332 

18r  sin  2  6/7    "  18r  x  .04972 


=   0.9697. 
In  order  to  obtain  the  pitch  factor  the 
ratio  of  the  vector  sum  of  the  e.m.f.  in- 
duced in  each  belt  of  conductors  to  the 
arithmetic  sum  is  computed.  In  Fig.  15 
a  and  b  are  the  e.m.f .s  induced  in  the  two 
belts,  and  the  vector  c  is  the  result  of 
the  addition  of  these  e.m.f.s  when  the  belts 
are  144*  apart  in  phase.  The  pitch  factor 
then  will  be 

5-5°^-^°  =  0.051. 

a 

The  above  value  for  E  gives  the  volts 
per  coil.  There  are  to  be  two  coils  per 
pair  of  poles  which  are  60  degrees  apart 

in  phase,  and  there  will  be  5  pairs  of 


^ 
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these  coils  in  the  complete  winding.  Since 

these  coils  are  all  connected  in  series, 

the  total  voltage  at  the  machine  terminals 

will  be  equal  to 

5  X  /IT  X  E 

or  if  Ej  =  total  voltage, 

Ei  =  1.73  X  5  X  2.22  Z   0  f   x   10"^  f   x  f . 
A  c     w 

=  19.2xZ(2^fx  10"^  X  f^  X  f„. 

It  is  desired  to  obtain  125  volts  from 
the  machine  at  no  load  and  at  60  cycles.  Sub- 
stituting these  values  of  E^   and  f 

125  =  19.2  X  18  X  j^  X  60  X  10"^  x  .951  x 

.9697 

0   -   125  X  10^ 

19.2  X  18  X  60  X  .951  x  .9697 

=  654,000  lines. 

The  ampere -turns  required  on  the  field 

poles  will  the  be 

IT  =   ^  X  air  gap  in  inches 
3.2  X  area  of  pole 
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The  minimum  air  gap  is  0.289"  as  computed 
above.  The  pole  bore  will  be  equal  to  the 
diameter  of  the  armature  core  plus  twice 
the  total  air  gap. 

17.256  +  2(0.289)  =  17.834" 
The  pole  pitch  will  be  one-tenth  of 
TT  X  17.834  or  5.6"  since  the  machine  is  a 
ten-pole  machine.  The  width  of  the  pole 
measured  along  the  shaft  is  six  inches. 
Hence  the  area  of  the  pole  shoe  will  be 
5.6  X  6  or  33.6  square  inches.  Substituting 
these  values  in  the  above  equation  the  num- 
ber of  ampere -turns  will  be 

IT  :   654,000  x  0.289 

3.2  X  33.6      "   i~58. 

These  calculations  have  been  made  on  the 
assumption  of  a  rectangular  distribution  of 
flux.  In  this  design  a  sine  distribution  of 
flux  is  desired  and  hence  the  number  of  amp- 
ere-turns will  have  to  be  increased  in  the 
ratio  of  the  area  under  a  rectangle  to  the 
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area  under  a  sine  wave  with  the  maximum 

height  equal  to  the  height  of  the  rectangle 

and  having  the  same  hase.  This  ratio  is  IC. 

2 

The  actual  ampere -turns  required  will  then 
be 

^  X  1758  =  2760. 

In  calculating  the  capacity  of  the  machine 
the  circular  mils  per  ampere  was  assumed  to 
be  560.  The  total  cross-section  of  No.  6 
wire  in  circular  mils  is  26,250.  Hence  the 
capacity  of  the  machine  will  be  equal  to 
26,250  t  560  or  46.9  amperes.  With  a  ter- 
minal voltage  of  110  volts  the  K.V.A.  capa- 
city will  be 

110  X  46.9 
1000        =5.16  KVA. 

Layout  of  winding 
The  conductors  were  laid  out  in  groups  of 


48 


Design  of  a  Sine  Wave  Generator 

nine.  These  groups  were  then  placed  in  pairs 
having  the  two  groups  in  each  pair  GO  elec- 
trical degrees  apart.  The  pairs  were  placed 
144  electrical  degrees  apart  and  coils  were 
made  up  whose  sides  constituted  one  group  in 
each  pair.  The  two  different  sizes  of  coils 
thus  formed  are  shown  in  Plate  II.  The 
spacers  required  for  the  centers  of  these 
coils  are  shown  in  Plate  I .  The  spacer  C 
Is  placed  between  the  colls  on  the  armature 
core.  The  layout  of  the  winding  is  shown  In 
the  bottom  view  on  Plate  I.  A  cross-sectional 
view  of  the  winding  in  place  on  the  core  is 
shown  on  Plate  IV.  This  plate  also  shows  a 
section  of  the  core. 

The  laminations  for  the  core  were  cut 
from  No,  26  gage  iron  which  is  .018"  in 
thickness.  The  two  end  plates  which  were  on 
the  old  armature  core  were  used  to  hold  the 
new  core  together  and  these  plates  were 
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bolted  together  by  means  of  ten  9/l6" 
bolts  equally  spaced  around  a  circle  of 
10  3/4"  diameter.  The  inside  of  the  core 
was  made  9  l/2"  diameter. 
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Binding  Wires 

The  armature  coils  are  held  in  place 
by  two  bands  of  31  turns  each  of  No.  20 
B  and  S  phosphor  bronze  wire.  The  calcula- 
tions for  the  stresses  in  these  bands  due 
to  the  centrifugal  forces  is  shown  below. 

The  total  weight  of  the  copper,  spacers 

and  insulation  was  calculated  to  be  about 

18.5  lb.  From  Kent's  Handbook  the  formula 

for  the  centrifugal  force  in  a  rim  is 

F  =  .000341  W  R  r^ 

where  W  is  the  weight  of  the  rim  in  pounds, 

R  is  the  mean  radius  in  feet  and  r  is  the 

revolutions  per  minute.  Substituting  the 

various  values  in  the  above  formula 

F  =  .000341  X  18.5  x  8.72  x  (720)^ 

IF' 

=  2310  pounds. 

Since  the  resultant  of  the  radial  forces 

taken  at  right  angles  to  the  diameter  is 

2  times  the  sum  of  these  forces,  the  total 


51 


Design  of  a  Sine  Wave  Generator 

force  F  is  to  be  divided  by  2  x  2  x  1.5708 
or  6.2832  to  obtain  the  tensile  stress  on 
the  cross-section  of  the  band. 

^^^^   2  368  pounds  =  stress  on  band. 
6 • 2832 

The  breaking  strength  of  one  No.  20  phos- 
phor bronze  wire  is  161  pounds.  Since  there 
are  two  bands  of  31  wires  each  the  total 
breaking  strength  of  the  bands  will  be 
2  X  31  X  161  =  9982  pounds. 
The  factor  of  safety  then  will  be 

9982    _  P7  1. 
368  ■   -  ^^'^ 
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Design  of  Field  System 

Field  Winding 
The  old  field  winding  consisted  of  10 
layers  of  No.  15  wire  with  60  turns  per 
layer.  This  was  covered  with  a  series  wind- 
ing of  3  layers  of  No.  9  wire  with  36  turns 
per  layer.  In  the  new  machine  there  Is  no 
necessity  for  a  series  winding  and  hence  the 
space  occupied  hy  this  winding  can  he  filled 
up  with  more  of  the  shunt  winding.  A  calcu- 
lation was  made  for  the  field  coil,  assuming 
the  No.  9  wire  to  be  replaced  with  6  layers 
of  No.  15  wire,  and  the  ten  field  coils  con- 
nected in  series  across  110  volt  circuit. 
The  ampere -turns  in  this  case  were  found  to 
he  1908.  This  is  entirely  too  low,  as  2760 
ampere-turns  will  be  required  for  the  air 
gap  alone.  A  number  of  calculations  were 
made  with  various  sizes  of  wires  and  with 
the  field  coils  connected  in  series-parallel , 
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five  coils  being  In  series  across  110  volts. 
The  greatest  possible  ampere-turns  were  ob- 
tained when  17  layers  of  No,  15  D.C.C.  wire 
were  used.  This  required  7  additional  layers 
of  No.  15  D.C.C.  to  be  added  to  the  old  wind- 
ing. The  calculation  of  the  ampere-turns  for 
this  field  coil  is  shown  below. 

The  length  of  the  average  turn  was  found 
to  be  21.5  inches,  and  the  resistance  per 
1000  feet  of  No.  15  wire  is  3.56  ohms  at 
50 'Cent.  Since  there  were  17  layers  and  60 
turns  per  layer  the  total  number  of  turns 
was  17  X  60  r  1020. 

The  total  resistance  of  one  coil  is  equal 

to 

1020  X  21.5  X  3.56 

~TI~   WUJJ  -      3.49  ohms. 

With  5  coils  in  series  on  a  110  volt  circuit 

the  voltage  across  each  coil  is 

110  *  5  =  22  volts. 
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The  maximum  current  will  then  be  22  f  6.49 
=  3.39  amperes,  and  the  ampere-turns  will 
be  1020  X  3.39=  3460. 

The  number  of  watts  loss  diu  to  the  re- 

p 
sistance  will  be  W  =  I  R,  or 

W  =  (3.39)^  X  6.49  =  74.5  watts. 

From  the  curve  given  on  page  64  of  viray's 

"Electrical  Machine  Design"  the  allowable 

watts  per  square  inch  of  external  surface 

was  found  to  be  0.8.  The  external  area  was 

computed  to  be  104.5  square  inches,  and  the 

watts  which  can  be  radiated  will  be 

0.8  X  104.5  =  83.6 

Hence  the  amount  of  heating  for  the  field 
coil  calculated  above  is  well  within  the 
allowable  limit. 

As  the  design  of  the  field  coil  gives 
3460  ampere-turns  and  only  2760  are  necessary 
for  the  air  gap  at  125  volts  and  no  load, 
therefore  20  percent  of  the  ampere-turns  are 
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left  to  take  care  of  the  loss  in  the  iron 
path  of  the  magnetic  circuit  and  the  ma?;- 
rtetic  leakage.  Armature  reaction  may  also 
cut  down  the  flux  somewhat.  This  percentage 
of  flux  should  be  ample  to  compensate  for 
all  of  these  losses. 
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-«=>' 


Pole  Shoe 
Since  the  flux  is  inversely  proportional 
to  the  reluctance  of  the  path,  in  order  to 
obtain  a  cosine  wave  distribution  of  flux 
the  air  gap  must  vary  inversely  as  a  cosine 
wave.  The  equation  governing  this  variation 
in  the  length  of  the  gap  is  derived  as  fol- 
lows: 

In  Fig.  16  the  line  A-B  is  the  surface 
of  the  armature  core  and  C-D  is  the  outline 
of  the  pole  shoe.  In  order  to  vary  as  a  cos- 
ine function,  the  flux  at  any  point  at  a 
distance  x  from  the  center  line,  will  be 
B  =  B„  cos  X 
where  Bj,,  is  the  maximum  flux,  which  is  at 
0. 

B  =  ^   and  (^  =  AB 
A 
where  A  =  area. 

^  -   m.m.f .  X  P 

d(;(  =  M  •  dP 


r/3.  /6 


J.E. Anderson     The»i»J9n    /^IT 
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dP  =  5i_  -   ^*^)'B    w  dx-B 
TT"        M    ""    M 

w  being  the  width  of  the  pole  shoe  and  dx 
being  a  small  increment  on  the  circumfer- 
ence of  the  armature . 

dP  =  "   ^m  ^"^  ^ 


but  dP  =  1^ 

w  ox 

y 

Therefore 

w  dx 

w  Bjjj  cos   X   dx 

y 

M 

and 

M 

.      1 
cos    X 

The  minimum  air  gap  as  calculated  above 
is  0.289".  This  will  then  be  the  air  sap  at 
point  0,  the  center  line  of  the  pole  shoe. 
Hence  when  x  =  0,  y  will  be  equal  to  0.289" 
Substituting  these  values  in  the  above 
equation 

B, 


.289"  =  n- 
■*m 


since  the  cosine  of  0*  is  1. 
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^a' 


Replacing  this  value  for  the  constant 
U-  ,  the  equation  becomes 

y  =  0.289    ^ 


cos  X 

By  the  use  of  this  equation  the  length 
of  the  air  gap  was  calculated  for  every 
7  1/2  degrees,  and  this  distance  was  laid 
off  on  a  radial  line  passing  thru  the  corre- 
sponding point  on  the  armature  circumference 
Thru  the  points  thws  found  a  line  was  drawn 
giving  the  shape  of  the  theoretical  pole 
shoe.  This  construction  is  shown  in  Fig.  17. 
This  theoretical  shape  is  based  upon  the 
assumption  that  the  lines  of  flux  lie  along 
the  radial  lines,  which  is  not  true.  The 
paths  of  the  flux  were  drawn  in  as  curved 
lines  which  entered  the  pole  shoe  and  the 
armature  core  tangent  to  perpendiculars  at 
these  points.  The  actual  flux  wave  was  then 
constructed  by  measuring  the  actual  length 
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of  these  curved  paths.  The  maximum  flux 
would  be  at  the  center  line  of  the  pole 
and  the  flux  would  vary  inversely  as  the 
length  of  the  path.  The  resulting  curve  of 
flux  is  shown  in  Fig.  18  as  curve  A.  Since 
the  flux  of  one  pole  extends  beyond  the  cen- 
ter line  between  the  poles,  the  curve  C  was 
drawn  in  as  representing  the  flux  from  the 
adjacent  pole.  This  flux  cannot  actually 
exist  in  the  air  gap  of  the  pole,  but  its 
effect  would  be  to  decrease  the  flux  of  the 
pole  by  this  amount.  Hence  the  ordinates  of 
curve  C  were  subtracted  from  curve  A  and 
the  resulting  curve  B  is  the  actual  flux 
curve  and  strikes  the  zero  axis  at  the  cen- 
ter line  between  the  poles  which  is  at  the 
point  12.  The  actual  sine  wave  was  drawn 
in,  and  is  shown  as  a  dotted  line  in  Fig. 
18.  The  curve  B  does  not  coincide  with  the 
sine  curve  due  to  the  fact  that  the  pole 
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shoe  was  not  calculated  by  usin^q;  the  actual 
flux  paths.  The  above  method  of  drawing  in 
the  flux  distribution  curve  is  described  in 
an  article  by  Prof.  Theo.  Shou  in  the  Elec- 
trical Review  and  Vif'estern  Electrician  for 
February  17,  1917,  entitled  "Calculations 
for  Synchronous  Machines" . 

From  the  theoretical  pole  shoe  in  Fi2, 
17  an  actual  pole  shoe  was  drawn  and  is 
shown  in  Fig.  19.  As  will  be  noted  from 
Fig.  17  the  theoretical  pole  shoe  is  pract- 
ically a  straight  line  for  about  half  the 
pole  pitch.  The  actual  pole  shoe  was  there- 
fore made  as  a  straight  line  for  about  half 
the  pole  pitch  in  the  middle  part  and  the 
ends  of  the  shoe  were  made  flat  and  at  an 
angle  of  15  l/2  degrees  to  the  middle  por- 
tion. The  probable  paths  of  the  flux  are 
shown  drawn  in  Fig.  19.  The  flux  curve  was 
also  calculated  and  is  shown  as  curve  B  in 
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Fig.  20.  This  curve  deviates  somewhat  from 
a  sine  wave,  but  as  the  method  of  calculat- 
ing the  flux  distribution  is  at  best  only 
approximate,  it  was  thot  that  this  shape  of 
pole  shoe  was  close  enough  to  the  theoreti- 
cal shape  for  all  practical  purposes.  The 
working  drawing  of  the  pole  shoe  is  shown 
in  Plate  III.  The  field  bore  on  the  old 
machine  was  bored  out  to  a  diameter  of 
19  3/8" ,  and  the  pole  shoes  were  held  in 
place  by  means  of  two  set  screws  which  were 
screwed  into  the  pole  piece. 

Analysis  of  Flux  Distribution. 
In  order  to  determine  the  probable  value 
of  the  harmonics  which  would  be  present  in 
the  flux  curve,  this  curve  (Curve  B  Fig. 
20)  was  analyzed  by  the  method  described 
in  Scientific  Paper  205  of  the  Bureau  of 
Standards.  The  equation  thus  obtained  was 
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B   =   38.376    sin  ut    -   1.80   sin   3u)t 

-  0.482   sin   5u)t    -   0.226   sin   7ut 

-  0.262   sin  9u)t    -   0.213    sin    lla>t 

-  0.107   sin   13'Jt    -   0.129    sin    15u>t 

-  0.053    sin   17u3t. 

From  this  it  will  be  seen  that  none  of 
the  harmonics  is  of  a  magnitude  greater 
than  4.69  per  cent  of  the  fundamental. 
Since  the  3rd,  5th,  and  7th  and  their  mul- 
tiples will  be  eliminated  by  the  winding, 
the  11th,  13th  and  17th  are  of  most  inter- 
est . 

We  can  re-write  the  above  equation  so 
that  the  value  of  the  coefficient  of  the 
fundamental  will  be  100  and  the  coefficients 
of  the  harmonics  will  then  be  directly  in 
percent.  Also,  since  the  3rd,  5th  and  7th 
harmonics  and  all  multiples  of  thiem  are 
eliminated  by  the  winding,  they  can  be 
omitted  from  the  equation  expressing  the 


68 


Design  of  a  Sine  Wave  lienerator 

e.m.f.  of  the  machine.  Assuralnia;  that  the 
winding  is  a  concentrated  one  with  full  pitch 
coils  and  that  the  groups  of  conductors  add 
at  0  degrees,  the  equation  for  the  e.in.f, 
will  be 

E  =»  100  sin  u;t  -  0.55  sin  llu)t 

-  0.279  sin  13a)t  -  0.138  sin  17.ot. 
Since  the  winding  is  a  distributed  one  and 
has  a  4/5  pitch  and  the  groups  add  at  60', 
the  actual  coefficients  in  the  above  equa- 
tion will  be  reduced.  The  coefficients  of 
the  harmonics  will  be  reduced  as  shown  above 
in  the  discussion  of  spread  factor. 

The  actual  value  of  E,  assuming  the  flux 
wave  in  Fig.  20  and  not  considering  the 
effect  of  armature  reaction,  will  be 

E    =   79.9   sinJt    -   0.095    sin   ll<Jt 

-   0.0114   sin    13o)t    -   0.0102   sin    17u>t. 

Hence  the  value  of  the  11th  harmonic, 
which  is  by  far  the  largest  in  magnitude. 
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is  only  about  0.12  percent  of  the  funda- 
mental . 
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Conclusions . 

By  the  application  of  the  various  de- 
vices of  eliminating  the  harmonics  in  the 
e.m.f.  wave  of  an  alternator  descrihed  in 
this  report,  an  attempt  has  been  made  to 
design  a  machine  that  will  generate  a  wave 
form  which  is  close  enough  to  a  sine  wave 
for  all  practical  purposes  of  testing  and 
experimentation.  Some  of  the  harmonics 
above  the  9th,  which  are  present  in  the 
flux  distribution,  will  no  doubt  appear  in 
the  e.m.f.  wave,  but  they  will  probably  be 
negligible.  There  will  also  be  some  harmonics 
introduced  by  the  pulsations  of  the  armature 
reaction.  However,  the  long  air  gap  used  will 
probably  diminish  the  effect  of  armature  re- 
action and  thus  reduce  the  harmonics  frora 
this  cause  to  a  negligible  value.  If  the 
armature  reaction  is  too  pronounced,  short- 
circuited  turns  imbedded  in  the  pole  shoe 
face  may  be  necessary. 
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